Abstract We recently developed a procedure to recognize γ-ray blazar candidates within the positional uncertainty regions of the unidentified/unassociated γ-ray sources (UGSs). Such procedure was based on the discovery that Fermi blazars show peculiar infrared colors. However, to confirm the real nature of the selected candidates, optical spectroscopic data are necessary. Thus, we performed an extensive archival search for spectra available in the literature in parallel with an optical spectroscopic campaign aimed to reveal and confirm the nature of the selected γ-ray blazar candidates. Here, we first search for optical spectra of a selected sample of γ-ray blazar candidates that can be potential counterparts of UGSs using the Sloan Digital Sky Survey (SDSS DR12). This search enables us to update the archival search carried out to date. We also describe the state-of-art and the future perspectives of our campaign to discover previously unknown γ-ray blazars.
Introduction
The first observations performed with the Energetic Gamma Ray Experiment Telescope (EGRET; Thompson et al.1993) revealed that the largest fraction of sources detected in the MeV-GeV energy range were unidentified/unassociated. According to the latest versions of the 3 rd EGRET (Hartman et al. 1999; Casandjian & Grenier 2008) source catalog, the fraction of γ-ray objects with an unknown origin is ∼60%. This is mostly due to the large positional uncertainties of the γ-ray sources being up to an order of magnitude greater than those at lower energies. Thus, the association of γ-ray sources with their low energy counterparts is one of the most demanding task for modern γ-ray astronomy (see e.g., Thompson 2008; Massaro et al. 2012a; .
The study of the unidentified/unassociated γ-ray sources (UGSs) was set as one of the major scientific goals of the Fermi mission (Atwood et al. 2009 ). Thanks to the major improvements achieved in the source localization with the Large Area Telescope (LAT) on board of Fermi, the "source association task" has been greatly simplified. This was also due to the improvements of statistical methods used to search for low energy counterparts of Fermi detected objects (see e.g., Abdo et al. 2010a; Abdo et al. 2010b ). Difficulties on the source association in γ-rays is partially mitigated by another aspect: the largest fraction of known γ-ray emitters is associated with the rarest class of active galaxies: the blazars. In the Fermi-Large Area Telescope (LAT) third source catalog (3FGL; Acero et al. 2015) blazars constitute about 36% of the Fermi sources.
Blazars are generally divided in two classes on the basis of the equivalent width (EW) of their optical spectral features (see e.g., Stickel et al. 1991) . When presenting featureless spectra or with emission/absorption lines with EW<5Å they are classified as BL Lac objects, while those showing quasar-like optical spectra coupled with a flat radio spectrum are known as flat spectrum radio quasars (FSRQ; see also Urry & Padovani 1995 , for more details on the blazar properties). Following the nomenclature proposed in the multifrequency catalog of Blazars (Roma-BZCAT; Massaro et al. 2015b) , we indicate the former class as BZB while the latter one as BZQ. We also considered the blazar of galaxy type (indicated as BZG), according to the definition presented in the latest release of the Roma-BZCAT catalog 1 (Massaro et al. 2009 ), being sources whose multifrequency emission exhibits some properties of blazars but appears dominated by the host galaxy contribution in the optical-ultraviolet energy range (Massaro et al. 2012b; Massaro et al. 2014) .
Across all the releases of the Fermi-LAT source catalogs, the fraction of UGSs does not seem to decrease significantly. In the First Fermi-LAT source catalog (1FGL Abdo et al. 2010a ) there were 630 out of 1451 unassociated Fermi objects (i.e., ∼43%), fraction that decreases to 34% in the Second Fermi-LAT source catalog (2FGL Nolan et al. 2012 ) then being ∼33% in the 3FGL. This is in agreement with the fact that even as more distant and/or less luminous sources are found, the UGS fraction remains about the same. This indicates that, even eight years after the launch of Fermi, unveiling the UGS nature is still an unsolved issue.
According to the 3FGL analysis the second largest population is constituted by the blazar candidates of uncertain type (BCUs) defined in the 3FGL and in the Third Catalog of Active Galactic Nuclei Detected by the Fermi-LAT (3LAC; Ackermann et al. 2015a , see following sections for additional details). This corresponds to a revised definition of the previous γ-ray source class of active galaxies of uncertain type (AGUs) (see e.g., the First and the Second Catalog of Active Galactic Nuclei Detected by the Fermi-LAT, 1LAC and 2LAC, respectively Abdo et al. 2010b; Ackermann et al. 2011) . BCUs are most probably all blazars (see e.g., Massaro et al. 2012c; Alvarez-Crespo et al. 2016c; Chiaro et al. 2016) , but the lack of spectroscopic information does not permit us to confirm their nature.
Follow up observations aiming to search for the potential counterparts of the UGSs and to confirm BCUs have been carried out in the radio (e.g., Kovalev 2009; Hovatta et al. 2012; Petrov et al. 2013; Hovatta et al. 2014; Schinzel et al. 2015) , even below 1GHz (Massaro et al. 2013a; Nori et al. 2014; Giroletti et al. 2016) , in the sub millimeter ranges (Giommi et al. 2012; López-Caniego et al. 2013) and in the X-rays with Swift (e.g., Mirabal & Halpern 2009; Paggi et al. 2013; Takeuchi et al. 2013; Stroh et al. 2013; Acero et al. 2013 ) as well as with Chandra and Suzaku (e.g., Maeda et al. 2011; Cheung et al. 2012; Kataoka et al. 2012; Takahashi et al. 2012) . Additional archival analyses were also carried out using multifrequency surveys and catalogs (see e.g., Cowperthwaite et al. 2013; Maselli et al. 2013; Maselli et al. 2015) .
Using the WISE all-sky survey (Wright et al. 2010) , we showed that in the IR color-color diagrams the γ-ray blazars, dominated by non-thermal emission, lie in a distinct region well separated from that occupied by other extragalactic sources (Massaro et al. 2011a; D'Abrusco et al. 2012; Massaro & D'Abrusco 2016) . On the basis of this discovery, we built new procedures to recognize γ-ray blazar candidates lying within the positional uncertainty regions of the UGSs Massaro et al. 2013b; D'Abrusco et al. 2014) .
Then in 2012 we started an optical spectroscopic campaign to confirm the nature of both γ-ray blazar candidates selected according to our IR procedure, UGS potential counterparts and BCUs associated in the Fermi catalogs. All the spectroscopic observations collected during our campaign are already published (see e.g., Paggi et al. 2014; Massaro et al. 2015c; Landoni et al. 2015; Ricci et al. 2015; Alvarez-Crespo et al. 2016a; Álvarez-Crespo et al. 2016b ). During our campaign we also continuously searched in the optical databases to exclude targets for which an optical spectrum became recently available (see e.g., , Massaro et al. 2015a ,Álvarez Crespo et al. 2016c , for the spectra of the Sloan Digital Sky Survey, SDSS, DR12 and of the Six-degree-Field Galaxy Survey, 6dFGS).
In the present paper we aim to present the state-of-art of our hunt for γ-ray blazar candidates. Scientific objectives of the current analysis can be summarized as follows:
1. searching for optical spectra of radio sources that could be potential counterparts of 3FGL UGSs lying in the SDSS footprint; 2. presenting an overview of the results of our optical spectroscopic campaign achieved to date; 3. discussing on the future perspectives towards the preparation of the 4FGL catalog. The paper is organized as follows. In § 2 we described our search for radio sources having a blazar-like optical spectrum and lying within the positional uncertainty region of the UGSs in the footprint of the SDSS. Then § 3 and § 4 are devoted to present results and the summary of our optical spectroscopic campaign, respectively. Finally in § 5 we speculate on future perspectives towards a better understanding of the unknown γ-ray sky.
We used cgs units unless stated otherwise through the whole paper, and spectral indices, α, are defined by flux density, S ν ∝ ν −α considering sources with a flat spectrum when α <0.5. As previously stated, our optical spectroscopic campaign was carried out both observing γ-ray blazar candidates and searching major optical databases and surveys. To perform the literature search we crossmatched the radio/IR position of the γ-ray blazar candidates selected for the UGSs as well as those of the BCUs reported in the Fermi catalogs with those reported in the comparison survey as, for example, the SDSS. Thus to complete and update our literature search we decided to carry out the following additional analysis.
We considered all the UGSs lying in the footprint of the SDSS DR12 (Alam et al. 2015) . Then we searched for all sources having the SDSS spectrum available and with a radio counterpart in the Faint Images of the Radio Sky at Twenty-centimeters (FIRST) survey (see e.g., Becker et al. 1995; White et al. 1997) . Finally, we selected only those SDSS sources with a BL Lac or a quasar-like optical spectrum. The latter are considered blazar-like when showing a flat radio spectrum.
This further investigation led to the discovery of six new BL Lacs and one BZQs, potential counterparts of Fermi UGSs, since one BZQ and two BZBs were recently reported in the latest release of the Roma-BZCAT but not in the 3FGL. The spectra of one BL Lac is shown in Fig.1 as template of those selected in our analysis. Source details for these eleven blazars are reported in Table 1 where we report (i) their 3FGL names together with those of the SDSS and the WISE potential low energy counterparts; (ii) our classification; (iii) the redshift estimate when possible; (iv) alternative Fermi names from previous catalogs and (v) the Roma-BZCAT name.
It is worth noting that the UGS 3FGL J0158.6+0102 could be potentially associated with SDSS J015852.76+010132.9 classified as BZU in the latest release of the Roma-BZCAT 5BZU J0158+0101 but appearing as a BL Lac object in the SDSS presented here (see Fig. 2 ). Then we also remark that 3FGL J2223.3+0103 is missing from 3LAC but present in 2FGL class AGU without redshift.
Finally, we emphasize that even if four blazars are already present in the latest version of the Roma-BZCAT (Massaro et al. 2015c ) there were not indicated as counterparts of 3FGL sources because the latter catalog was released previously.
3 State-of-art of our optical spectroscopic campaign
Here we present the summary of the results achieved during spectroscopic campaign considering the latest release of the Fermi catalog available to date (i.e., 3FGL). Given the differences in the γ-ray analysis between the releases of the Fermi-LAT source catalogs we also discuss some targets that belong to the 1FGL and the 2FGL catalogs only. 
Fig. 2
The featureless optical spectrum of SDSS J015852.76+010132.9, potential low energy counterpart of the unassociated Fermi source: 3FGL J0158.6+0102. The source is classified by us as a BL Lac object. (1) We only observed those AGUs that had not been otherwise observed at the time of the 2FGL release (see e.g., Shaw et al. 2013a; Shaw et al. 2013b ). On the other hand, we recently provided an important contribution to the classification of the 3FGL BCUs obtaining optical spectra for about 1/5 of them (see e.g., Massaro et al. 2015a , and references therein).
Regarding the UGSs the impact of our campaign was crucial to decrease their percentage in the 1FGL and in the 2FGL (see also Massaro et al. 2015a , for a recent review on the sources listed in both these Fermi catalogs), while for the 3FGL the number of newly discovered blazars correspondent to the UGSs is rather small (see following Section). This is mostly due to the fact that the catalog of IR selected blazar-like sources (D'Abrusco et al. 2014) was used to search for associations of the 3FGL sources, thus providing a significant number of BCUs that we preferred to follow up during our spectroscopic campaign.
General Results
All the 3FGL sources observed to date are reported in Table 2, 3 and 4 where we provide (i) their Fermi names together with their (ii) γ-ray classification, when present; (iii) the associated counterpart for the BCUs and (iv) the infrared (i.e., WISE or 2MASS) name of the counterpart observed in our campaign; then we also present (v) our optical classification: BZB for BL Lac objects, BZQ for flat spectrum radio quasars and quasar (QSO) for sources having no radio counterpart and/or not a flat radio spectrum but a quasar-like (i.e., broad emission lines) optical behavior, respectively. Then we also show (vi) the reference among our campaign papers, (vii) the Roma-BZCAT name. For our optical classification we adopted the Roma-BZCAT criteria, including the definition of blazar of galaxy type (BZG) for sources having an SED with a significant dominance of the host galaxy emission over the nuclear one (see Massaro et al. 2015b , for more details). It is also worth noting that QSOs, having no blazar-like radio emission, could be contaminants of our selection procedure, as described in D' Abrusco et al. (2014) .
The γ-ray classification reported in Table ? ?, 3 and 4 corresponds to the one of the 3LAC (Ackermann et al. 2015a ). In particular we distinguish among BCU of type I, II and III on the basis of the following criteria. These corresponds to the a, b, c subclasses of the 3LAC, respectively.
(I) a BZU object (blazar of uncertain/transitional type) in the Roma-BZCAT; (II) a source with multiwavelength data in one of the catalogs used for the 3LAC associations, with a flat radio spectrum, and a typical two-humped, blazar-like spectral energy distribution (SED); (III) a source with a radio and an X-ray counterparts also showing a typical two-humped, blazar-like SED. Since the beginning of our follow up spectroscopic observations in 2012 we pointed 198 unique targets correspondent to 3FGL sources.
For 3FGL sources we summarize our results as reported below.
• We found 75 BZBs all classified in the 3FGL as BL Lacs with the only exception of that associated with 3FGL J2356.0+4037 appeared as a BZG. Most of these targets (i.e., more than ∼60%) were unclassified counterparts of 2FGL sources for which their nature is actually reported in the 3FGL thanks to our campaign. This occurred because a significant fraction of our observations begun between the 2FGL and the 3FGL releases.
• Nine 3FGL sources associated with flat spectrum radio quasars were also observed, all resulting as BZQ and with a z estimate.
• We observed 88 BCUs. In this sample we found : 14
BZQs and 10 BZGs all with known redshifts; 1 quasar and 1 source with still uncertain classification plus 62 BZBs, 6 also having a good redshift estimate and 2 with an uncertain z value.
• We observed 26 blazar-like objects that could be potential counterparts of Fermi UGSs, selected with their IR colors. For six UGSs we pointed a quasar, most probably a contaminant of our selection methods unless future radio follow up observations will reveal a flat radio spectrum. The remaining sources are indeed all blazar-like. We found 2 BZQs, one with known redshift, 1 BZG with a certain z estimate and 17 BZBs with a certain z value reported in only four cases. We also observed 10 unique targets that belong to 1FGL, 2FGL and the First Fermi-LAT Catalog of Sources above 10 GeV (1FHL; Ackermann et al. 2013 ) catalogs but are not in the 3FGL. Results on this sample are thus summarized below.
• The potential counterparts of 1FHL J0030.1-1647 and 1FHL J0044.0-1111, both UGS of the 1FHL catalog, could be potentially associated to two newly discovered BZBs at known redshifts, 0.237 and 0.264, respectively (Álvarez- Crespo et al. 2016b ).
• For the three 1FGL sources we found: 1FGL J0411.6+5459 potentially associated to a new BL Lac at unknown z; one QSO contaminant of our selection method for the UGS 1FGL J2110.3+3820; and 1FGL J1422.7+3743 for which we confirmed the BZB classification available in the literature.
• We observed 3 AGUs of the 2FGL subsample all classified as BZQs and all with a certain redshift estimate provided. Then we also confirm that 2FGL J0819.6-0803 is associated with a BZB at redshift unknown. One additional UGS, 2FGL J1745.6+0203, was also observed searching for blazar-like sources within the Fermi positional uncertainty region, but we pointed another QSO.
Additional source details
During our campaign we also re-observed a few sources, mostly BL Lacs for which the redshift z estimate was uncertain or unknown, to obtain a better measurement and also to catch some transitional states as occurred in a couple of cases (seeÁlvarez Crespo et al. 2016a,b) . In three cases we also pointed a different target than that actually reported in the 3LAC as described below. Thus we also add the following notes with respect to the results presented in the published papers and previously summarized.
• InÁlvarez Crespo et al. (2016a) for the source 3FGL J0653.6+2817 associated with the BCU: GB6 J0653+2816 we pointed a different target resulting as a BZG: WISE J065340.46+281848.5 at uncertain z >0.45 instead of WISE J065344.26+281547.5. The same occurred for the BCU associated with 3FGL J1013.5+3440 for which WISE J101336.51+344003.6 was observed instead of OL 318. In addition to them, in Massaro et al. (2015a) for 3FGL J1549.0+6309 the reported "candidate association" pointed during our campaign is: NVSS J154828+631050. The source associated in the 3FGL/3LAC catalog has the coordinates of SDSS J154957.32+631007.3 (a.k.a. CRATES J1549+6310) but the counterpart name seems incorrect being: SDSS J154958.45+631021.2; in both cases out pointed target differs from them.
• The BCU NVSS J132210+084231 associated with 3FGL J1322.3+0839 was observed inÁlvarez Crespo et al. (2016a) andÁlvarez Crespo et al. (2016c) in a different state, since it appeared as a BZB first and a BZQ at z =0.32549 later. The optical spectrum of 3FGL J0158.6+0102 is reported Massaro et al. (2014) as well as in the current paper. This source showed a BZQ spectrum in the past not confirmed by the most recent observation. Thus these two sources can be considered as transitional sources present in our sample in addition to those discovered in (Álvarez Crespo et al. 2016a,c): 3FGL J0433.1+3228 and 3FGL J1040.4+0615. These two Fermi objects were originally classified as BZQ while had a typical BZB optical spectrum when pointed by us.
• Only for the AGU: TXS 1801+253 associated in the 2FGL with 2FGL J1803.6+2523c, we were not able to find a WISE counterpart, due to a confusion with a nearby star (seeÁlvarez-Crespo et al. 2016c, for more details).
• We re-pointed the associated counterparts of 3FGL J1340.6-0408, 3FGL J1314.8+2349, 3FGL J2323.9+4211, 3FGL J1129.0+3758 and 3FGL J2223.3+0103 during our campaign but they always appeared as BZBs at unknown redshift.
• We found that the associated counterparts of 3FGL J0522.9-3628 is a BZQ while those of 3FGL J0009.6-3211 and 3FGL J2356.0+4037 are indeed BZGs at redshifts 0.002542 and 0.131, respectively.
Summary and Conclusions
The WISE all-sky survey (Wright et al. 2010 ) allowed us to distinguish γ-ray emitting blazars from other extragalactic sources. On the basis of the mid-IR colors we developed a set of procedures to select potential counterparts of the UGSs and to recognize blazar candidates within the AGUs and the BCUs listed in the Fermi catalogs. Motivated by preliminary results of our IR selection, we carried out an optical spectroscopic campaign aiming to verify the blazar-like nature of UGS potential counterparts As secondary goal we also obtained a classification for AGUs and BCUs present in the Fermi catalogs. During our campaign we collected and analyzed 223 unique spectra and the major results achieved are summarized as follows.
1. The largest fraction of pointed targets are classified as BZBs (i.e., 173/223). This strongly suggests that Fermi survey is extremely useful to discover new BZBs and confirms that these are one of most elusive class of active galaxies.
2. We obtained 49 certain redshifts for the blazars observed thanks to the presence of emission/absorption lines or only absorption features due to intervening systems. 3. We discovered a handful of transitional sources:
blazars with a different spectrum available in the literature and thus classified differently. 4. During our campaign we found two BL Lac objects without radio counterparts in the major radio surveys Ricci et al. 2015) . This discovery could open new scenarios on the blazar phenomenon and could potentially make the γ-ray association task more challenging since a large fraction of the Fermi associations come from radio surveys/catalogs. 5. Within the sample of newly discovered BL Lacs with a z estimate, presented in Section 2, it is worth noting that one of them lie above redshift z =0.7 (this occurs only for 11 BL Lacs from the Roma-BZCAT listed in the Fermi catalogs). Given the small number of QSOs found during our campaign (i.e., ∼4%) in addition to a handful of unpublished spectra that did not have enough signal-to-noise ratio to clearly classify the observed targets, our results strongly supports the reliability of our IR selection method (see D'Abrusco et al. 2016, for more details).
Finally, we emphasize that results obtained thanks to our campaign were used to classify the sources listed in the latest release of the Fermi catalogs (i.e., 3FGL, 3LAC and 2FHL Ackermann et al. 2016) as well as to increase those in the Roma-BZCAT.
Future perspectives
Our spectroscopic follow up campaign at optical wavelengths is still on-going and we expect to have an additional ∼80 targets presented by the end of 2016.
These optical observations of γ-ray blazar candidates are crucial to build the luminosity function of BL Lacs (see e.g., Ajello et al. 2012; Ajello et al. 2014) , confirm potential targets for the Cherenkov Telescope Array (CTA) selected on the basis of multifrequency properties (see e.g., Massaro et al. 2013c; Arsioli et al. 2015) , obtain stringent limits on the dark matter annihilation in sub-halos (see e.g., Zechlin & Horns 2012; Berlin & Hooper 2014) and/or from the estimates of the extragalactic γ-ray background (EGB Ajello et al. 2015) , search for counterparts of new flaring γ-ray sources (see e.g. Bernieri et al. 2013 ) and identify potential counterparts of new Fermi sources discovered with detection algorithms different from those used to build the Fermi catalog (see e.g., Campana et al. 2015; Campana et al. 2016a; Campana et al. 2016b ). Studies on the UGSs are also crucial to discover new BL Lacs that might improve our knowledge on their contribution to the extragalactic γ-ray background (EGB; see e.g., Ajello et al. 2014 ). The BL Lac contribution considered together with that arising from other γ-ray emitters as for example radiogalaxies (see e.g. Inoue 2011; Massaro & Ajello 2011b; Di Mauro et al. 2014 ) and/or star forming galaxies (see e.g., Ackermann et al. 2012a ) could help searching for a potential dark matter signature in the EGB spectrum (Ackermann et al. 2015a , Di Mauro & Donato 2015 , Fermi Collaboration 2015 . Moreover optical spectroscopic campaign are also useful to obtain new redshifts necessary to estimate the imprint of the extragalactic background light in their spectra (see e.g., Ackermann et al. 2012b ).
At the current moment the major problem we foresee to continue after 2016 resides in the strategy originally developed, even if it has been successful to date. To minimize the impact on telescope schedules and maximize the scientific return, we proposed a small subsample of targets each time. Consequently, each publication presents only a limited amount of spectra, in the range between 20 and 50. However, it is worth noting that even if the number of the Fermi sources for each catalog is growing consistently with the expectations: 1451 in the 1FGL, 1873 in the 2FGL and now 3033 in the 3FGL, the fraction of UGSs is rather constant. Thus if the expected number of sources in the next Fermi catalog (i.e., 4FGL) will be ∼4500 sources, the number of UGSs and BCUs expected of the order of 2000. Consequently, assuming we can still obtain observing nights at the telescopes used to date, collecting ∼200 spectra in about 3 years, it will be impossible to achieve our final goal of "resolving" the γ-ray sky on a few years time scale.
To complete our campaign, considering the sources listed in the 3FGL, the number of targets that must be observed is approximately 550, mostly concentrated in the Southern hemisphere, and correspondent to ∼40 observing nights, assuming to use 4 meter class telescopes/facilities. Thus, the only strategy suitable to achieve our final goal is a survey/large program. Completing these observations will allow us to assign a certain classification to all the BCUs listed in the 3FGL and decrease the fraction of 3FGL UGSs by a factor of 5-10%, assuming results similar to those achieved to date.
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